In this study, stainless steel conductive yarns with 500 tex fineness and 14 Ω/m linear resistances were inserted into the reverse side of the knitted fabrics made from acrylic yarns. Six types of knitted fabrics with conductive yarns were produced on an E=7 gauge electronic flat bed knitting machine. Then the electromagnetic shielding efficiency (EMSE) of the sample fabrics were measured in the frequency range of 750 MHz -3000 MHz. The EMSE variations of the sample fabrics having conductive yarns with respect to fabric structure and polarization type (vertical and horizontal) were also investigated. It was observed that the same samples showed different behaviors and have dissimilar EMSE values in different polarization conditions. When compared to horizontal polarization measurements, the vertical measurement results gave better EMSE values.
INTRODUCTION
Growing technology, fast life, and increasing demands of people made electronic devices indispensable parts of our daily lives. These devices raise electromagnetic fields in different frequency bands. Electromagnetic fields (EMFs) can be described as a series of waves that oscillate at a particular frequency and have a certain distance between one wave and the next -the wavelength [1] . There are natural sources of EMFs such as the magnetic field of the Earth and sunlight that contains visible, infrared and ultraviolet frequencies. There are also many man-made sources such as microwave ovens, hairdryers, electric wirings in the house, remote control devices, computer screens, industrial electric furnaces, electric motors and especially wireless networks like Wi-Fi and Bluetooth [1] . Today, the danger about electromagnetic fields for humans is a controversial, scientific, technical and often public issue [2] . Problems may range from headache to fatigue, dizziness and memory loss to miscarriage, leukemia and cancer [2] . Thus, the studies have begun to focus on preventing and attenuating these problems. Also, textile researchers have begun to make studies about fabrics having electromagnetic shielding properties.
Electromagnetic shielding provides protection by reducing signals to the levels at which they no longer affect equipment or can no longer be received. This is achieved by reflecting and absorbing radiation [3] .
The development of electromagnetic wave resistant textiles originated in the military industry and moved gradually to civilian industries. There are many methods of improving fabric conductivity, such as laminating conductive layers onto fabrics or adding conductive fillers [4] . Knitting and weaving techniques are also techniques for conductive fabric production; on the other hand, knitted fabrics have some more advantage because of their various structural properties.
Since conductive yarns, like rigid steel, copper conductive wire or other materials in yarn form, have high stiffness properties, knitting them is difficult and problematic. Thus, in the current studies, the steel or copper have been mixed with other materials like cotton or polyester and manufactured in core yarn form [5] .
Cheng, investigated the electromagnetic shielding properties of plain knitted, 1x1 rib knitted and 2x1 rib knitted fabrics produced from stainless steel/polyester yarn [6] . The stainless steel/polyester yarns have been produced by using ring and open-end friction spinning methods. The fabrics, knitted from these yarns, which contain higher ratios of steel, showed higher electromagnetic shielding effectiveness (EMSE). It was shown that the EMSE and electrostatic discharge of the knitted fabric can be influenced from the stitch density. The fabric which has highest stitch density among the flat knitted fabrics has been found to have the highest EMSE. http://www.jeffjournal.org Volume 7, Issue 4 -2012 Perumalrajve Dasaradan, studied electromagnetic shielding effectiveness of copper core yarn knitted fabrics [3] . It was found that an increase in wale and course density and tightness factors caused an increase in the shielding effectiveness from low frequency to higher frequency range. It has been reported that the interlock fabric structure has higher EMSE at low frequency to higher frequency range than the plain and rib knitted structures. Also they found that an increase in copper wire diameter shows a general decrease in EMSE. Palamutcu et al., designed an EMSE measurement set and discussed its reliability by testing electrically conductive textile surfaces. They spun conductive yarns and used them for production of plain woven and single jersey knitted specimens. It was found that copper wire ratio; number of fabric layers and structure of the specimens influenced the EMSE values. Furthermore, there are some researches about knitted preform reinforced composites that can be used in electronic circuits as an insulating material [4, 7, 8] .
The main purpose of this research was to cover the back side of the knitted fabric samples in different forms by using 100% stainless steel conductive yarns. Thus, fabrics having acrylic yarn on the front side and conductive yarn on the back side were obtained. Owing to their plain knitted structure, the samples, they have a much more soft and flexible fabric handle than the fabrics made of 100% steel yarns. As for the conductive yarn not in the form of core yarn or wrapped yarn, the cost was relatively low. Moreover, intermeshing of conductive loops to acrylic loops was easy and non-problematic in comparison to the knit ability of 100% copper or steel yarns. The reverse side of plain knitted fabric was formed by stainless steel miss stitches. By varying the amount of miss stitches (once or twice a course) in unit length, we desired to observe the effects of this variation on EMSE. Moreover, the miss stitches were connected to the fabric structure in the form of loop or tuck and the effects of these formations were investigated also. Finally, by using a plating yarn carrier, the acrylic yarns appeared on the face side while the loops of conductive stainless steel yarn were formed on the reverse side.
EXPERIMENTAL Production of Knitted Fabrics
The knitted fabrics were produced from Nm 28/2 acrylic yarns. At the reverse side of the fabrics, the stainless steel yarns were used as conductive yarns that have 500 tex fineness and 14 Ω/m linear resistances. Fabric samples were produced on E=7 gauge Stoll CMS 440 type electronic flat bed knitting machine. The fabric densities and yarn tensions were set to the most appropriate levels in order to avoid discontinuous and problematic production. Course and wale densities of conductive knitted fabrics are given in Table I . The knit reports and reverse side photographs are shown in Figures 1-6 . Also in this study, only the reverse sides of the fabrics that were produced by conventional knitting yarns were covered by conductive yarns differing form the previous studies that have used conductive yarns throughout whole fabric structure. Excessive conductive yarn usage leads to various disadvantages such as high cost and high unit weight in terms of economy.
'Loop' and 'tuck' forms were used in order to knit the conductive yarn into the reverse side of the fabric structure ( Figure 7) . These different loop forms affect the conductivity characteristics of steel yarn because of the varying contact points. Moreover, during the knitting process of the conductive yarns into fabric structure, two different conductive yarn intensity were used as once and twice a course (tight and loose form) (Figure 8) . In this way, the effects of 'conductive yarn intensity' and 'connection type to fabric structure' on EMSE were been investigated. 
Measurement of Electromagnetic Shielding Efficiency
Shielding is defined as the ratio of the electromagnetic field intensity measured before and after the shielding material is installed [9] . The "Shielding Efficiency" (SE) term explains the level of prevention. Shielding efficiency, SE, describes the performance of the shield and it is defined as follows [10] :
Two power densities in this ratio are the measured powers before and after the shielding material is placed [10] .
In this study, the free space measurement technique was used in order to determine shielding efficiency of knitted fabrics with conductive yarns. The fundamental measurement method was based on the signal attenuation of two sides of fabric material located on far field zones of transmitter and receiver antennas. In this method, conductive knitted fabric behaves as a reflector, absorber, and attenuator on incident field. The measurement setup is shown in Figure 9 .
A spectrum analyzer, Anritsu MS2711D with the option of transmission measurement, was used for the tests. In transmission measurement option, the reference level without shielding material under test is taken automatically with normalization process and the signal level with the material is compared in logarithmic scale in terms of RF power. In other words, firstly, the reference signal is collected at all frequencies without the shielding material. Afterwards, the conductive knitted fabric is attached on the foam layer placed between receiver and transmitter. Finally, the signals obtained from both states are compared.
The knitted fabrics having conductive yarns were investigated for attenuation levels and frequencies in a wide band. The measurements were realized within a band of 750 MHz to 3000 MHz. In this spectrum, GSM 900, GSM 1800 and several ISM bands, which can be used for personal purposes, exist. Also different polarization conditions were investigated. In horizontal measurements, the fabric samples were located on foam base in course direction. As for vertical measurements, the samples were rotated 90 degrees and placed in wale direction. The location directions are shown in Figure 10 . Although there are various studies about EMSE measurement both in vertical and horizontal direction in electronic literature [11] [12] , all the previous studies in the textile literature have evaluated the attenuation in only one direction [3] [4] [5] [6] [7] [8] . But in this study, it's seen that it's important to determine the shielding behaviors of the samples for both vertical and horizontal polarization. Indeed, it was observed that the same sample can show different behavior and have dissimilar EMSE values in different polarization conditions, as seen in the experimental trials in this study. Figures 11 -16 show the variation of shielding efficiency of conductive knitted fabrics and the incident frequency. K2 gave the best results in vertical measurements ( Figure 12) . 23 dB attenuation of K2 was very remarkable at the frequency band of 2655-2880 MHz.
RESULTS AND DISCUSSION
Moreover, K5 and K6 were also applicable at the frequencies of 2635 MHz and 2860 MHz (Figure 15 and Figure 16 ), but their average attenuation was below K2. When the horizontal measurements results are examined, the samples can be seen to have lower polarization attenuation levels except K6 in which plating technique was used. (Figures 17-22 ). This fact shows that the electromagnetic waves can pass through the fabric samples with a miss stitch. K6 showed remarkable attenuation at 2640 MHz with the average loss of 25 dB (Figure 22) . Also in 2947 MHz, K5 showed an attenuation of 15 dB (Figure 21) . The curves of K1 and K2, and the curves of K3 and K4 are nearly similar. The best EMSE values for horizontal measurements were achieved by K6 as shown in Figure 22 . It is most suitable fabric structure for electromagnetic signal attenuation for both vertical and horizontal measurements When compared to horizontal polarization measurements shown in Figures 17-22 , the vertical measurement results gave better EMSE values. Especially, the samples having conductive yarns in the reverse side had significant results. This situation can be arisen from the horizontal distribution of electromagnetic waves by contrast with the vertical positions of conductive yarns with miss stitches in the fabric construction. As for the horizontal positions of conductive yarns with miss stitches; passing the electromagnetic waves through the fabric structure could be easier.
From the vertical measurement results, it can be seen that none of the samples have wide band response (Figures 11-16 ). Only a certain EMSE level was observed in high frequency band. For a good shielding efficiency, the amplitude of the frequency band was as important as the attenuation level. In general, other samples showed an attenuation of 10 dB in low frequency bands, which might not be applicable, depending on the area on the samples used. Also, it was observed that the amount of miss stitch and the connection forms of miss stitches as loop or tuck stitches did not create any certain differences in vertical measurements.
The effects of conductive yarn forms in the fabric structure (loop and tuck formation) on horizontal shielding efficiency were found to be similar to vertical the shielding efficiency results. The positions of miss stitches (once or twice a course) were found to make no great differences. In the fabric sample of K5, there are miss stitches in every three needle for acrylic yarn. On the other hand, for the conductive yarn, the contact with other courses was formed by making the loops in every third needle. Hence, vertical conductive lines were created in every third needle. As a result, better performance could be reached in horizontal measurements. -15dB attenuation in high frequency band is shown in Figure 21 .
CONCLUSION
In this study, the shielding efficiency of the knitted fabrics containing conductive yarn that knitted in flat knitting machine in different forms was investigated. The attenuation levels of six different samples were examined for both vertical and horizontal polarizations in the 750-3000 MHz frequency range. K6 was found to be the most suitable fabric structure for electromagnetic signal attenuation for both vertical and horizontal measurements EMSE values in high frequency band were determined to be relatively high. Generally, shielding efficiency of the fabric samples in the vertical polarization was better than in the horizontal ones. Forming the reverse side of the fabrics by conductive yarn loops provides the best values for both horizontal and vertical polarization measurements. The values for the fabric samples with miss stitches were not so high.
The position of miss stitches of conductive yarn (once or twice a course) made no significant variation in EMSE values. In the same manner, the connection form of miss stitches to fabric construction (as loop or tuck stitch) resulted in a similar way.
In the samples with miss stitches in fabric width direction, the conductive lines formed by vertical loops resulted in slight differences in horizontal measurements. For this reason, it is rather important that further studies shall be performed by using
